A fast linear electro-optic effect is demonstrated in ferroelectric liquid crystal/polymer composites suitable for display applications. Both the ferroelectric liquid crystal (FLC) and the polymer matrix are oriented by the rubbing process which remarkably improves the electro-optic characteristics of the composites. Depending on the phase transition sequence and the pitch of the FLC, the size as well as the shape of the droplets vary in the polymer matrix. The associated relaxation dynamics can be understood within a simplified model which contains the essential features of the experimental data. The switching times are on the order of a hundred p.
The surface interactions at a liquid crystal/polymer interface in a restricted geometry is of great importance for a basic understanding of interfacial phenomena as well as for practical device applications of Liquid crystals (LCs). For instance, a configuration transition,r broadening and rounding of phase transitions," and a slow dynamics of phase transition3 have been reported in confined LCs. Moreover, the control of the switching response and molecular orientation in polymer-dispersed LCs (PDLCs) is an area of technological importance. 4'5 Currently, the development of flexible LC displays using PDLCs is of great interest. However, fast switching ferroelectric LCs (FLCs), one of the very promising candidates, have not been extensively explored yet since subtle surface treatments for the alignment and difficulty for tailoring materials are involved.
We report here a fast linear electro-optic (EO) effect in a new type of PDLCs using FLCs, which has no hysteresis and no threshold for the EO switching. The aligning polymer layer on the substrate play a critical role in preparing this type of PDLC cells. Depending on the higher-temperature phase prior to the lower-temperature smectic C* (Sm C*) phase whether the smectic A (Sm A) or cholesteric (Ch) phase, the size as well as the shape of the FLC droplets in the polymer matrix are quite different. Moreover, the pitch in the Sm C* state is another important factor for the helix unwinding process, which in turn distinguishes between the principles of operation.
The FLC materials used in this study are CS1024 and CS2004 of Chisso, one of which (CS2004) has a direct Ch-Sm C* transition and a tight pitch (<4 pm). Both the Sm A-Sm C* transition for CS1024 and the Ch-Sm C" transition for CS2004 occur at about 62.0 "C. As will be discussed later, the existence of the Sm A phase and the magnitude of the pitch strongly affect the quality of the alignment and the shape of FLC droplets in the polymer matrix. The matrix material is NOA (Norland W-curable optical adhesive 61), a blend of monomers, oligomers, and a photoinitiator." The volume fraction of each LC in the polymer matrix is about 50%. Typically, the LC concentration is in the range of lo%-60% in volume. The complete mixture of PDFLC was filled into the sample cell in the isotopic state of FLC, followed by W curing for a few minutes, so that the crosslinking of the polymers occurs. The UV light intensity used for curing the sample was about 10 mW/cm". The sample cells were made of patterned indium-tin-oxide coated glasses. The cell gap was maintained by glass spacers of 5 pm. One of two inner surfaces was coated with about 300 A of poly(l,4-butylene terephthalate) and unidirectionally rubbed,7 so that the alignment of the polymer matrix as well as LC droplets was promoted.
The sample cell was mounted in a microfurnace for thermal study and the alignment quality of both the polymer and LC droplets was determined by an optical polarizing microscope. Microscopic observation of characteristic textures of both CS1024 and CS2004 PDFLCs were made in the vicinity of the Sm A-Sm C" and Ch-Sm C" transitions, respectively. The transition regions for both cases in the restricted geometry are a few degrees wider than those in the bulk because of the confinement effect and the surface induced ordering/ disordering, which is similar to the isotropic-nematic case.2T8
The alignment of FLC droplets in the polymer matrix is shown in Fig. 1 , photographs taken under crossed polarizers near the transition to the Sm C* phase. The rubbing axis was rotated by r/3 with respect to one of the polarizers so as to obtain the maximum optical modulation of FLC droplets in the polymer matrix. It was found that the polymer matrix itself extended along the rubbing axis, and thus it was birefringent.' This tells us that the anisotropic surface potentials at the polymer/FLC droplets interface, produced by the rubbing process, predominantly govern the shape and the size of the FLC microdroplets. The most interesting feature is that for CS1024 nearly spherical droplets were formed while for CS2004, preferentially oriented microdomains were developed. This is probably due to the existence of the Sm A for CS1024 because the formation of Sm C* layers from the Sm A phase is much easier than directly from the Ch phase."
The electro-optic response of PDFLCs to an external electric field was measured by monitoring the change in the transmitted light intensity through the sample cell between crossed polarizers. The transmission through the PDFLCs was in the range of 55%-70%, diminished by scattering. measurements were made with a 50 Hz square wave of variable amplitude. The amplitude was randomly generated from an arbitrary waveform generator so as to avoid any systematic error involved. The sample cell was placed such that one of the crossed polarizers made an angle of ~$3, which maxi- mized the optical modulation, The EO measurements were carried out at room temperature.
We first show the switching characteristics of the two PDFLCs, and discuss the nature of the ferroelectric switching associated with the collective molecular rotation within the droplets. As shown in Figs. 2(a) and 2(b), the optical modulation curves for CS1024 and CS2004 are quite similar to each other, which seems a general linear response of PDFLCs to an external electric field. For the study of the switching behavior, a positive (or negative) pulse of 10 ms wide was used so that the field-on and field-off characteristics were determined. Figures 3 and 4 show the EO switching times for CS1024 and CS2004 as a function of the field, respectively. The field-driven response (rise) times for both cases decreases with increasing field. However, the relaxation (fall) times remain fairly constant since only the elastic relaxation is involved. This relaxation time is just the one for the system to recover its initial state from the field-driven state when the corresponding 'field is off. In contrast to surface-stabilized FL&," PDFLCs have essentially no hysteresis as well as no threshold.
As indicated in Fig. 3(b) , there seems to be a crossover between two regimes in the EO relaxation; the crossover field is about 2.5 Vfpm. For CS2004, however, the relaxation is a slow increasing, monotonic function of the field. It is suggested that the layer reorientation and/or the cone distortion process in the restricted geometry is probably involved in this crossover behavior while for CS2004 a continuous switching process on the cone is preferred because the pitch of this material in the Sm C" state is relatively tight (<4 ,um). For CS1024, the pitch is relatively long (>20 pm), and thus it would be partially unwound at relatively high fields (above 2.5 V/m). Now, we attempt to give a more quantitative description for the switching times of PDFLCs within a simplified model. By using the generalized elastic free energy for a FLC in a cavity, derived from the expression for the nematic case,",13 the balance of the torque equation can be written as de R(Z2-1) 17 dt= 2aZ sin 28+ PEsinO, where 0 is the angle between the droplet and the semimajor axis a of the droplet. Here l=alb denotes the aspect ratio of the droplet with b the semiminor axis, 77 the associated viscosity, K the effective elastic constant, P the spontaneous polarization, and E the electric field. Up to the linear order of 0 in the dynamic equation, Eq. (l), and solving it for 0, we obtain the relaxation time T,~= &lK(12-1). which is field independent. Similarly, the field-driven The values of poff are given by 149 p for CS1024 and 196 e for CS2004. In principle, the effective elastic constant K can be determined from Q-,,~ with the measured values of 1 and a. A detailed theoretical derivation of 70ff of FLC droplets in terms of material parameters and geometrical factors will be published elsewhere." By using the triangular wave method,14 the spontaneous polarization was measured as P = 1.5 nC/cm' for CS1024 and 3.0 nC/cm2 for CS2004, both of which are an order of magnitude smaller than those in the bulk. This may be attributed to the confinement effect. Accordingly, the associated viscosity was found to be in the range of (0.12-0.15) kg/ms, in good agreement with the literature value." Comparing to conventional PDLCs, the PDFLCs described here has much lower operating voltage, usually below E -3 V/pm. In addition, the contrast ratio is remarkably enhanced, giving as about 150.
In summary, we observed a fast linear EO switching effect in PDFLCs suitable for-display applications. It was found that the rubbing process significantly improves the EO characteristics of the polymer/FLC composites. The EO switching times are on the order of ms, and a simplified model was developed to understand the dynamic behavior of FLC droplets in the polymer matrix. The EO response of the PDFLCs is fast enough to multiplex large area displays. We expect that this PDFLC technology would be a viable solution against the mechanical damage of FLC-based devices. Finally, further research efforts on these promising materials should be made to critically evaluate material parameters for practical applications. We? are grateful to Dr. S. Murata and Dr. T. Isoyama of Chisso Petrochemical Corp. for kindly providing us with CS1024 and CS2004. This work was supported in part by KOSEF through the Project No. 93-48-00-02.
